Unipolar electrograms from ventricular epicardium in dogs were analyzed for the timing of local excitation and repolarization with computer assistance. The most rapid decrease in voltage in the QRS (dV/dt min) was used to determine local excitation time, and the maximum rate of voltage increase (dV/dt max) near the peak of the T wave was used to time local repolarization. The difference between dV/dt min and dV/dt max, the activation-recovery interval, is theoretically related to the net effect of the durations of the action potentials at that site. Paired data for refractory periods and activation-recovery intervals obtained from the same electrodes during fixed activation orders were obtained before and during repolarization changes induced by changes in cycle length, infusion of norepinephrine, and cardiac sympathetic nerve stimulation. Correlation coefficients were close to 1.00 and standard errors were 2.0 to 4.3 msec for changes at individual sites. Pooling of data from multiple sites increased standard errors and reduced correlation coefficients. Results provide quantification of errors in the use of unipolar electrograms to time local repolarization changes induced by variations in rate and adrenergic tone. They should increase the practical usefulness of the unipolar electrogram as a tool for assessing the time course and spatial distribution of repolarization changes.
IMPROVED METHODS for assessing spatial distributions and rapid temporal changes in cardiac repolarization properties would enhance studies of repolarization effects on arrhythmiogenesis. The measurement of refractory period has been widely used to assess repolarization, since it is known to approximate the duration of the transmembrane action potential in certain circumstances,' and individual measurements can be obtained easily and reproducibly. However, there are limitations to using refractory periods for assessing spatial distributions and rapid changes, since only one site can be sampled at a time and each determination of refractory period requires several seconds for completion.
Information regarding the timing of regional repolarization is present in electrograms recorded from the heart, and such recordings have the advantage that multiple sites may be sampled simultaneously and beat-to-beat measures of repolarization changes thus are possible. In spite of this important advantage, because the relationship between the T waveform in electrograms and regional electrophysiologic properties is a complex one,2 direct recording methods for assessing local repolarization times have not been optimally investigated and validated.
A method has been reported from our laboratory by Wyatt et al, 3 4 in which the timing of the maximum rate of rise in voltage (dV/dt max) in the T wave of direct unipolar electrograms is related to the timing of the downstroke of the intracellular action potential. An activation-recovery interval is obtained between the time of local activation and repolarization, which is comparable to the duration of the local action potential and refractory period. Although correlations between transmembrane action potential durations and the electrogram-derived values were sufficiently high in those studies to support the theoretical validity of the method, the data were not adequate to optimally evaluate its practical utility, particularly for repolarization changes caused by adrenergic interventions.
The purposes of this study are (1) to provide further evaluation of activation-recovery intervals from unipolar electrograms in relation to the durations of regional refractoriness, (2) to estimate the errors in using unipolar electrograms to measure changes in repolarization time at individual sites and between sites during changes in cycle length and adrenergic influences, and (3) to improve the practical utility of the method as a laboratory and clinical tool.
Methods
Experimental protocol. Experiments were done in 11 dogs anesthetized with sodium pentobarbital (30 mg/kg) and additional smaller doses as needed. The heart was exposed by a midsternal incision and cradled in the opened pericardium. The sinus node was crushed to permit pacing at slow heart rates. A bipolar electrode on the right atrial appendage was used for S, pacing. The central connections of the vagi and stellate ganglia were cut to diminish spontaneous fluctuations in autonomic neural effects on ventricular repolarization. In some dogs the ventral lateral cardiac nerve and/or left ventral ansa were isolated for later stimulation. An array of 75 fine silver wire unipolar electrodes, mounted on a nylon sock to produce uniform electrode spacing over the entire heart, was stretched over the heart and anchored near the pericardial reflexion. This array was alternately connected by a switch to the output of the stimulator for measuring refractory periods and to the system for recording electrograms.
In each experiment, refractory periods and activation-recovery intervals were measured as described below at six to eight sites. Sites varied among experiments and were selected from the 75 available leads in the sock array from the anterior, lateral, and posterior left ventricle and variable locations on the right ventricle. Immediately after completion of refractory period measurements, electrograms were recorded from those sites during three activation orders induced by bipolar pacing of the atrium, the left ventricle and atrium simultaneously, and the right ventricle and atrium simultaneously, at the same rate. Electrograms were analyzed later, as described below, to determine activation-recovery intervals. The relationship between paired refractory periods and activation-recovery intervals was studied during repolarization changes induced by variable pacing rate in one experiment, by variable pacing rate and graded norepinephrine (8 gg/ml iv) in six other experiments, and by variable pacing rate and cardiac sympathetic neural stimulation in four others. Stimulus parameters for cardiac sympathetic neural stimulations were 5 Hz, 4 msec pulse duration, and current adequate to induce T wave changes in lead II of the body surface electrocardiogram. All data considered stable and acceptable at the time of collection were included in the final analysis. A total of 76 sites was sampled, and there were 2312 paired observations. Refractory period measurements. Heart rate was controlled by simultaneous fixed rate bipolar pacing (S,) of the atrium and unipolar pacing (S,) of the ventricular site being tested. S, ventricular stimuli and S2 ventricular premature test stimuli were 2 msec cathodal unipolar square pulses at two times diastolic threshold voltage. The S2 stimulus was delivered to the ventricular test site after every eighth S,, starting with a short S-S2 and incrementing S2 in I msec steps. The refractory period was the shortest S,-S2 at which a propagated response to S2 occurred. Rate was controlled by atrial pacing between observations and for at least 5 min at a new rate before refractory period determinations. Refractory periods at six to eight sites on the sock array were obtained in sequence and the bank was repeated until each site was reproducible to 2 msec or less. Thresholds were determined before each set of refractory periods in the baseline state and during adrenergic interventions. Data collection was discontinued from sites at which thresholds or refractory periods were unstable. Most such deletions occurred at the beginning of experiments, and an alternative site was studied. Activation-recovery interval. The amplification-multiplexing system for unipolar mapping of the body surface or cardiac surface has been described previously.5 All 75 epicardial sites from the sock array were recorded against a Wilson central terminal, although only the six to eight test sites were finally analyzed. In two additional experiments, the results of which are presented separately, comparisons of activation-recovery intervals were made during recording of electrograms against a Wilson central terminal an a left hind leg electrode.
Electrograms were displayed on an oscilloscope for monitoring the quality of records and initial selection of test sites. Electrograms were recorded at a band width of 0.03 to 500 Hz, gain of 50 or 82, and sampling rate of 1000 samples/sec/channel. Input impedence was 1012 ohms and noise referred to input was 2 ,uV P-P. An analog-to-digital converter with input range of + 5 V was used to transfer the multiplexed signals at 10 bits resolution to digital magnetic tape.
Data were analyzed later with a semiautomated computer program for recognizing the maximum negative slope in the QRS (dV/dt min) and the maximum positive slope in the T wave (dV/dt max) of individual complexes, without signal averaging. A smoothing procedure using parabolic least-squares fit was done to minimize effects of noise. The first-pass used broad time windows for finding dV/dt min and dV/dt max to make the program accept a wide range of heart rates and waveforms. Each electrogram, its first derivative, and first-pass computercalculated timing indicators for dV/dt min and dV/dt were displayed on a graphics terminal. When timing indicators were obviously incorrect, a second-pass calculation was done with a manually operated cursor after narrower time windows were set on the electrogram. For negative T waves dV/dt max occurred after the nadir of the T, while for positive T waves dV/dt max was before the peak of the T. Notched positive T waves were frequently encountered, and dV/dt max was taken on the upslope of the second peak. When T waves were diphasic, the positive phase occurred after the negative phase, and dV/dt max was taken on the upslope of the positive peak. Hard copies were made of accepted waveforms, timing indicators, and calculations of activation-recovery intervals derived from the difference between the times of dV/dt min and dV/dt max. The computer operator had no knowledge of determinations of refractory period when processing electrogram data.
Data analysis. Paired data comparing refractory periods to activation-recovery intervals during each of the three activation orders and classified according to T waveform were analyzed by linear regression analysis. Correlations were examined for individual sites and for data pooled from all sites in the same experiment.
Results
Sample data from three experiments are shown in figures 1 to 3. These computer printouts show waveforms of simultaneously recorded electrograms and graphic and numeric time indicators for dV/dt min and dV/dt max. Comparison of the activation-recovery interval with the refractory period for that site is tabulated to the right of each electrogram. Repolarization changes were of the order of 30 to 40 msec. For these data, differences between the two measurements for individual comparisons ranged from 2 to 11 msec, with a mean SD of 4 ± 4.2 msec. For rate changes, the repolarization changes at individual sites assessed by the two methods differed by 3.5 ± 2.3 msec, with a range of 0 to 7 msec. This CONTROL illustrates a finding supported by analysis of all experiments, summarized below, that the unipolar electrogram method is better for estimating changes in refractory period at individual sites than for estimating the absolute value of individual refractory period measurements. In the case illustrated in figure 1 , the mean differences are similar but there is less variability in the estimates of changes in refractory period than of the absolute values.
In figure 2 Figure 3 shows repolarization changes at eight simultaneously recorded sites in another experiment during fixed rate pacing of the left ventricle, before and during stimulation of the ventral lateral cardiac nerve. The upper six traces are from sites on the posterior surface of the heart in the known functional distribution of the nerve, 6 showing refractory period and activation-recovery interval shortening of 10 to 21 msec during nerve stimulation. The lower two traces are from sites on the anterior heart surface, where stimulation of the ventral lateral nerve is expected to have less effect on repolarization. Repolarization changes were not as great as those illustrated for rate changes and infusion of norepinephrine in figures 1 and 2. End points were taken when refractory period measurements had stabilized, after the peak of refractory period and T wave changes.
Plots of data points and regression coefficients from one experiment are shown in Regression analysis of data from each of the experiments is summarized in table 1. For repolarization changes at individual sites caused by rate changes, norepinephrine, and sympathetic nerve stimulation, correlation coefficients averaged .97 to .99 for fixed activation sequences. Standard errors for these correlations were small, with those induced by nerve stimula- 220 site) . B, RP vs ARI during graded infusion of norepinephrine in the same animal, at a fixed cycle length of 300 msec (n = 5 for each individual site). C, RP vs ARI for rate and iv norepinephrine interventions combined (n = 9 for each site). tions slightly higher than those for other interventions. Pooling data from multiple sites reduced r values and increased standard errors. Correlations appear closer, on average, for ventricular pacing sites when compared with results during atrial pacing. However, there were experiments in which atrial pacing gave better correlations than did ventricular drive. The ranges shown in parentheses at the bottom of the table indicate the range of slopes for individual sites for all experiments. For rate interventions, slopes averaged close to 1.00 when data were pooled for each experiment. Slopes for individual sites during infusion of norepinephrine also showed variation and on average were less than 1.00.
Most, but not all, of the values for activation-recovery intervals were smaller than their paired refractory periods. Table 2 , which summarizes data pooled from all experiments, shows the average differences between the values for activation-recovery intervals and refractory periods when calculated algebraically with sign preserved and when calculated for the absolute difference between the two. For all three activation orders, activation-recovery intervals were less than RPs. Average absolute differences were only slightly greater than average algebraic differences because of 1376 the few pairs in which refractory periods were shorter than activation-recovery intervals. Table 2 also summarizes average slopes of regression lines for all interventions, with pooled data from all experiments.
The relationship between basic cycle length and the slope (a) of the regression line in response to infusion of norepinephrine was examined for those six experiments. For pooled data from experiments in which the basic pacing cycle length was 300 (n = 3), 325 (n = 2), and 400 msec (n = 1), the respective slopes were .78, .85, and .92. In the one experiment with a basic cycle length of 400 msec, the noradrenalin induced repolarization changes were as marked as in the other five experiments and were of the order of 60 to 70 msec.
Refractory period vs activation-recovery interval for rate and norepinephrine interventions was examined in relation to T wave polarity, rather than pacing site, using the same data as in tables 1 and 2. Results are summarized in table 3. Negative T waves gave activation-recovery intervals that were closest, on average, to corresponding refractory periods. Correlation coefficients (r) and standard errors (SEE) were approximately the same for all T waveforms during rate changes, but change in T polarity during norepineph- AToo few data for analysis. rine had a small adverse effect on r and SEE. T polarity change during rate interventions was a rare event and was not statistically evaluated.
For 37 electrograms in two additional dogs, activation-recovery intervals were compared for Wilson central terminal and left hind limb indifferent electrodes. The absolute difference in the intervals was 0 to 0.3 msec, with an average of 1.3 msec. There was no systematic relationship of the magnitude or sign of the difference to T wave polarity or pacing site.
Discussion
This study was undertaken to provide further evaluation of a method for measurement of the timing of regional myocardial repolarization directly from unipolar electrograms. Unlike another method for assessing repolarization changes from electrograms, which uses changes in QRST areas, the present method results in a number that approximates the refractory period.
The results document a close correlation between the unipolar electrogram measure of activation-recovery interval and refractory periods during the interventions of altered rate and adrenergic influences. The correlations obtained were considerably higher than those reported for the same method in previous studies from this laboratory, in which intervals derived from unipolar and bipolar electrograms were also compared with the durations of transmembrane action potentials.3 4 The major reasons for this are, we believe, the much greater ease of determining refractory periods than of maintaining stable transmembrane action potentials, the larger number of paired data in the present experiments, and because measurements at identical sites rather than adjacent sites were compared in the present experiments.
The findings of the present study indicate a close correlation between the electrogram method and refractory periods during changes in rate and infusion of norepinephrine and somewhat lower correlations during repolarization changes induced by neural stimulation. In our opinion the reason for this is more likely the difficulty of obtaining stable and comparable refractory periods during the changing state associated with nerve stimulation than diminished applicability of the method to neurally induced repolarization changes. In these and previous experiments we have observed that refractory period shortening induced by cardiac sympathetic neural stimulation subsides during continued nerve stimulation in the absence of threshold changes and that the accompanying electrocardiographic changes do not defervesce as rapidly as do the refractory period changes. 6 Although recovery time should correlate with the timing of action potential downstroke, the activationrecovery interval is not expected to be precisely equal in duration to refractory period. Because timing of the effective refractory period is expected to occur a little later than the most rapid portion of the action potential downstroke,' the activation-recovery interval should be systematically a little shorter than the corresponding refractory period. The finding in this study that activation-recovery intervals averaged on the order of 10 msec shorter than refractory periods while maintaining high correlations during changes is consistent with the theoretic basis of the method.
The activation-recovery interval provides a more precise estimate of repolarization changes at a particular site than of repolarization differences between sites. As shown in table 1, the standard error of the estimate for changes at individual sites averaged 2 to 4 msec and between sites (pooled data) averaged 4 to 9 msec. This degree of precison makes the method useful for many experimental purposes, and the ability to evaluate changes at many sites simultaneously can be exploited statistically to further minimize the effect of errors in individual estimates.
Although the activation-recovery interval should be largely independent of activation order, the three activation orders did not generally result in near identical activation-recovery intervals for individual observations. Pooling of data from all three activation orders, not shown in the tables, increased standard errors. This finding and the deviation of regression slopes for paired data from the predicted value of 1.00 may be due at least in part to distant electrocardiographic effects that vary from site to site and with activation order. This explanation is supported by the findings that use of pooled data from multiple sites during cycle length changes resulted in regression slopes close to 1.00 (table 1) and average activation-recovery intervals that were within 3 msec for the three activation orders (table 2). Because of the variable distant electrocardiographic effects in unipolar electrograms, measurements from fixed activation orders are recommended for assessing local repolarization changes.
An additional source of error for regression slopes calculated for individual sites may be sample size, since for many of the regression calculations n was as small as four for single interventions at individual sites. Sample size, however, cannot entirely explain the variations in regression slopes for individual sites, since the associated r values were high.
For repolarization changes caused by infusion of norepinephrine, average slopes were less than 1.0, and the reason for this is not certain. Norepinephrine resulted in marked repolarization shortening, probably exceeding changes that occur clinically or physiologically. T wave morphology changed substantially, displacing ST segments and possibly inducing errors in determining the dV/dt max end point. The finding that regression slopes were closer to 1.00 for norepinephrine-induced changes when the basic pacing rate was slower, supports this explanation. Other sources of error with marked norepinephrine effect are change in action potential waveform and in the relationship between action potential downstroke and refractoriness.
Of the three T waveform classes (negative, positive, and biphasic) negative T waves gave activation-recovery intervals that were closer to refractory period values, gave higher correlation coefficients and lower standard errors more often than other waveforms, and gave regression slopes closer to 1.0 during infusion of norepinephrine. It was our impression that positive T waves were more likely than negative T waves to have ambiguous end points due to increased ST elevation and T wave rounding during infusion of norepinephrine and during very fast rates. These data were not excluded and may be at least a partial explanation for the apparent statistical advantage of negative as compared with positive T waves. The theoretical and practical reasons for T polarity influence on the method deserve further investigation.
The experiments presented here do not address the issue of the relative merits of unipolar vs bipolar recordings for timing ventricular repolarization. For bipolar electrograms, the peak of the T wave should represent the time of most rapid action potential downstrokes at sampled sites, in the same way that the dV/dt max does so in unipolar recordings, and a limited validation of the bipolar method in comparison to refractory periods has been reported by Martins et al.9 In that report, correlations were statistically significant, but r values were considerably less than those obtained in the present report, standard errors were not presented, and data scatter appeared greater. The two studies are not comparable, however, because of the limited scope of the validation portion of that study and the different interventions used in these two studies.
